Barnacle settlement was monitored in two sites 100 km apart along the coast of Alta and Baja California. In five periods of observations completed between 1991 and 1996, Chthamalus spp., Pollicipes polymerus, and Balanus glandula settlement was consistently higher in the northern site, La Jolla (LJ), than in the southern site, La Salina (LS). For Chthamalus, the most abundant settler, settlement was higher in LJ in 58 out of 60 paired dates, by a mean factor of 141. In 1996, time series of temperature in about 15 m of water showed that the stratification was 72% higher, on average, and that the thermocline was shallower in LJ than in LS. Spectra of temperature showed that internal motions of tidal and higher frequencies were more energetic and closer to the surface in LJ compared to LS. In LJ changes in settlement were positively correlated with changes in stratification. These results suggest that high-frequency internal motions are important in the onshore transport of larvae. Low-frequency cooling events recorded in LJ apparently caused the energetic semidiurnal temperature variability to migrate from the bottom towards the surface, leading to the surface manifestation of the internal tide and surface internal tidal bores, which indicates that the surface nearshore bores occur in response to the shallowing of the thermocline. Tidal and higher frequency internal motions were more energetic when the thermocline was shallow during the low-frequency cooling events, than when it was deep and relatively weak during ordinary conditions. The major cooling event in LJ correlated with the local wind, suggesting local wind-driven upwelling. On the other hand, correlation of LS temperature with LJ temperature, winds, and sea level suggest propagation from the South. These results suggest that the low-frequency drops in temperature that modulate the nearshore internal tidal bores are caused by a combination of the local wind and events that propagate poleward, possibly as coastally trapped waves. r
Introduction
Knowledge of the determinants of recruitment is an important goal in marine population dynamics. For sessile benthic invertebrates, this question has been linked to the more general problem of the factors affecting abundance and distribution.
Early on, this question was framed as a dichotomy between abundance and distribution as determined by juvenile and adult post-settlement mortality or by larval settlement (Hatton and Fischer-Piette, 1932, p. 5) . Starting with Hatton (1938) , studies using the experimental manipulative approach attacked the post-settlement side of the issue (e.g. Paine, 1994) . The supply of larvae to benthic populations and the importance of geophysical flows to population dynamics have been recurrent themes since the late 1800s (e.g. Young, 1990 , for references). However, from the early 1960s to the late 70s, nearshore community ecologists largely disregarded larval phenomena. Instead, they banded with terrestrial ecologists and concentrated on local disturbance and biological interactions. Only recently have they began to question the assumption that larval stages are ''universally distributed in coastal waters each season'', to declare that the next ''logical phase'' after the study of biological interactions was the study of ''the potentially more fundamental source of temporal variationy recruitment variability'', and to inquire about the prominence of physical transport processes in determining recruitment variability (Lewis, 1977) .
Studies have often found that the rate at which planktonic larvae establish permanent contact with the substrate, settlement rate, is correlated with physical transport (e.g. Hawkins and Hartnoll, 1982) . And some studies do not distinguish between settlement rate and larval supply rateFthe rate of larval arrival to adult habitats. Settlement rate, however, is dependent on several variables, particularly on suitable substrate area for settlement, a characteristic of the local adult habitat (Bertness et al., 1992; Pineda, 1994b) .
Two types of mechanisms have been proposed for explaining the onshore transport of invertebrate larvae in the Pacific coast of North America: (1) internal waves (Norris, 1963; Shanks, 1983) and bores (Pineda, 1991) , and (2) the relaxation of wind-driven upwelling (Ebert, 1983; Farrell et al., 1991) . Regional variability (10-100 km) in settlement and recruitment has been explained in the same terms, as due to regional variability in internal motions (Pineda, 1996) and in winddriven upwelling (Ebert and Russell, 1988; Ebert et al., 1994; Connolly and Roughgarden, 1998) . Shanks and Wright (1987) also explained barnacle settlement variability at small scales, 50-300 m, as a result of variability in internal wave transport. However, physical observations for testing these explanations of regional variability are lacking.
Internal motions are ubiquitous phenomena that can explain the onshore transport of larval invertebrates (e.g. Lamb, 1997; Leichter et al., 1998) . Internal waves and bores are different mechanisms with dissimilar consequences for larval transport (discussed in Pineda, 1999) . Bores often evolve into gravity flows, and while bores and gravity currents are a mass transfer mechanism, waves involve mostly the transfer of energy. In ''phase 1'', the internal tidal bores produce outcropping of the thermocline (Cairns, 1967; Winant, 1974) and the offshore displacement of nearshore surface water. Then, a few hours later, during phase 2, the flow reverses, the dense cold water migrates offshore, and warm water returns to the shore (Pineda, 1994a (Pineda, , 1999 . In Southern California, the return of warm water is often led by a surface warm bore front. Although both phases have been implicated in the onshore transport of larvae, with phase 1 transporting larvae close to the bottom and phase 2 close to the surface, clear evidence of transport only exists for phase 2 (e.g. Pineda, 1994a) .
In the Southern California Bight, internal motions explain temperature variability with periods from minutes, to semidiurnal, to fortnightly and monthly (Winant and Bratkovich, 1981; Pineda, 1995) ; in particular nearshore cooling apparently related to internal tidal bores is more probable 19-24 d after new moon. On the other hand, wind forcing explains diurnal and lower frequency temperature variability (Cairns and LaFond, 1966; List and Koh, 1976; Dorman and Palmer, 1981) . Ekman upwelling is weak in the Bight nearshore (Winant and Bratkovich, 1981; Jackson, 1986) , but energetic in northern Baja California (Barton and Argote, 1980) . There is evidence that low-frequency variability in alongshore currents and sea level along Southern California are related to winds in Baja California (Halliwell and Allen, 1984; Lentz and Winant, 1986 ).
The energy of internal tidal motions is dependent on water column stratification and wave amplitude, in itself function of barotropic tidal currents and topography. Stratification influences the energy, the maximum frequency, and the vertical structure of internal motions. For the same amplitude in vertical displacement of isopycnals, stronger water column stratification leads to more energetic internal motions. Low-frequency wind forcing (subtidal, longer time scales than ca. 24 h) can significantly affect the nearshore stratification through wind mixing, coastal upwelling, and remotely generated events. This, in turn, may affect the onshore propagation of internal waves and tidal bores by varying the strength of the overall stratification and the depth of the thermocline. Variations in stratification could even inhibit the propagation of internal motions to the nearshore region by completely homogenizing the water column. Surface internal tidal bore warm fronts require a shallow thermocline. In shallow water (ca. 15 m), the thermocline is often deep, close to the bottom. Therefore, propagation of internal tidal bores close to the surface and into shallow waters may require a process, such as wind-driven upwelling, that brings the thermocline closer to the surface. On the other hand, vigorous upwelling can outcrop the thermocline and leave a homogeneous water column. Conversely, the relaxation from upwelling can restratify the water column and allow internal wave activity (Rosenfeld, 1990) .
The relationship between Southern California internal tidal bores and remote and local lowfrequency phenomena is not known. Here we describe the low-frequency (periods of a few days to about 2 weeks) temperature variability at two sites separated by 100 km and how this lowfrequency variability affects stratification and hence the amplitude and structure of the highfrequency temperature fluctuations at both sites. Moreover, the low-frequency variability is related at both sites with evidence of propagating events from south to north. We also report barnacle larval settlement at both sites. If high-frequency internal motions transport larvae onshore, one would expect more onshore transport and settlement in sites with stronger water column stratification. Changes in stratification, which affect the internal motions, may correlate temporarily with changes in onshore larval transport. Our results are consistent with the hypothesis that highfrequency internal motions transport larvae onshore.
Methods

Settlement
Settlement was measured at two sites along the Southern California (United States) and northern Baja California (Mexico) coastline (Fig. 1) . The northern site at La Jolla (LJ) was chosen because several studies have investigated barnacle settlement and physical processes transporting onshore barnacle larvae (Pineda, 1991 (Pineda, , 1994b , and because the hydrodynamics and hydrography of the area are well studied (Jackson, 1986 , for a review). The southernmost site at La Salina (LS) was chosen because a very low density of barnacles was observed on several visits between 1985 and 1990, contrasting with the very high densities at LJ (J. Pineda pers. obs.). The two sites were in exposed, open coastlines. Three to nine settlement plates were installed about 8-100 m apart in the mid-intertidal zone along each shore. Plates within each site were exposed to different physical conditions (e.g. wave action, small scale currents, etc.). Plates were sampled for Chthamalus spp, Pollicipes polymerus, and Balanus glandula spat and attached cyprids. Plates were halved polyvinyl chloride (PVC) pipes (B2.5 cm inner diameter) cut through the pipe's longitudinal axis. Three sharp grooves were machined on the interior surface of each ca. 11 cm long plate, and only settlers close to the groove axis were counted. Most settlers preferred grooves. Groove settlement area per plate was 1.9 cm 2 . Plates were replaced with clean plates upon removal (see Pineda, 1994b , for other details). Settlers were identified and counted under a dissecting microscope, and plates were scrubbed and washed with fresh water. Attached spat and cyprids are easily identifiable to species (Balanus glandula; Pollicipes polymerus) or genus (Chthamalus spp.)
Five periods of observations were completed between 1991 and 1996; the sampling interval among observation periods varied from 2 to 7 d (Table 1 ). The sampling interval within an observation period also varied in two cases. In the third and fifth observation periods, sampling intervals alternated between 3 and 4 d. All 4-d observations in the third and fifth periods were linearly converted to 3-d sampling intervals.
Settlement differences between the two sites were tested with the Wilcoxon signed-rank test, a non-parametric analogue of the t paired test; date was used for blocking (see Caffey, 1985 , for a similar analysis). For all statistical tests, only dates with identical sampling intervals were used. During the observation period corresponding to 1996, the first three settlement dates had very few plates at LJ and LS, and these data were omitted from all statistical tests.
Moored observations
Three moorings, separated from 400 to 900 m in a direction parallel to the isobaths, were installed at both LS and LJ. At each site, two moorings served as backup, and data from only one mooring per site were analyzed. The bottom depth was about 15 m, and the moorings had temperature loggers at 2, 6, 10, and 13 m above the bottom (mab). The moorings had only subsurface buoys, which provided high buoyancy for reducing bending by the currents. Moorings were installed in early April 1996 and recovered in late July 1996. One mooring at LS was recovered on 29 April 1996 for inspection and redeployed with fresh instruments on the same date, while the moorings at LJ were deployed and recovered only once. The Onset Stowaway temperature loggers sampled temperature at a rate of 300 observations per day (sampling interval=4 min 48 s). Wind and sea level were recorded at the pier of the Scripps Institution of Oceanography, approximately 200-500 m from the LJ temperature mooring and settlement sites. Both LJ and LS mooring sites were very close to submarine canyon heads.
Spectral analysis on the raw temperature data was completed on linearly detrended data using the averaged periodogram method of Welch. The B30,000 observations temperature time series were divided into segments of 2 12 for averaging. Potential energy of internal motions (averaged over a wave period) is given by,
where g is gravity, r 0 are density fluctuations, r 0 is a constant mean density, N 2 is the square of the Brunt-V. ais. al. a frequency (defined below) and the overbar indicates averaging over a wave period. In order to estimate potential energy at each location, the spectra were multiplied by g 2 r 0 a 2 =2N 2 where a is the coefficient of thermal expansion and N 2 was averaged over the whole observation period at each location. The factor r 0 a multiplying temperature fluctuations, allows an estimate of density fluctuations assuming a linear dependence on temperature only (i.e. no dependence on salinity).
Low-frequency time series of temperature, sea level, and wind were obtained by linearly detrending hourly data and by removing periods o93 h using the filter proposed by Godin (1972) , in order to suppress tides and higher frequency motions. This effectively suppressed the tidal and higher frequency oscillations. A high-frequency time series was obtained by removing this low-frequency series from the original series. This series thus resolves variability for frequencies between 1/51 cycles per h (cph) to 1/2 cph. Empirical orthogonal functions (EOF) for the 2, 6, 10, and 13 mab low-pass and high-pass filtered temperature time series in each site were calculated; the EOF analysis summarizes the vertical structure and the temporal variability of the four time series at each location (see Emery and Thomson, 1997) . The Brunt-V. ais. al. a frequency for waters between pairs of loggers (2-6, 6-10, and 10-13 mab) was also derived from the low-frequency time series and a constant salinity value of 34 psu. The Brunt-V. ais. al. a frequency squared, a measure of stratification, was calculated as
where r is water density filtered to eliminate highfrequency motions and z is depth. The square root of N 2 gives the maximum frequency of oscillation for internal waves. The LJ winds, used in the wind and temperature correlations, were the alongshore component, 1011 counterclockwise from the East. Effective degrees of freedom for the correlation functions were estimated by using the method proposed by Chelton (1983) (see Emery and Thomson, 1997, p. 259) . Note that the number of effective degrees of freedom should be considered as a rough estimate, because the actual value varies depending on the maximum lag taken for the auto-and cross-correlation functions. Here we calculated correlation functions to maximum lags of 20% of the series (roughly equivalent to 400 h) for the estimation of the number of degrees of freedom. An examination of a few of the correlation functions showed that at those lags, the function was well past its first zero crossing, possibly underestimating the number of degrees of freedom.
Results
Settlement
Overall, settlement was higher at LJ than at LS (Table 2 ; Fig. 2 ; figures for settlement periods 1-4 are not shown because there are no concurrent physical measurements). During the fourth period, average Chthamalus settlement standardized for 7 d was 638 at LJ and 21 at LS, and there were neither Pollicipes nor Balanus settlement. There was evidence of statistical differences in Chthamalus settlement between LJ and LS in periods 1, 2, 3 and 5 (Table 3) . For Pollicipes and Balanus, on the other hand, there was evidence of statistical differences in only two out of four periods (Table 3) . Chthamalus settlement was higher than that of Pollicipes and Balanus (Table  2) . Chthamalus settlement at LJ was high during all of the observation periods, while Balanus settlement tended to be high only in periods 1 and 3, corresponding to late winter and spring. During the fifth observation period, Chthamalus peaks at LJ and LS appeared to coincide with colder waters (Figs. 2-4 ). On 7-10 May and 28 June, settlement coincides with colder waters close to the bottom, but the surface water temperature lags the bottom water temperature several days.
Moored temperature
Mean temperature at LS was colder, on average, than at LJ, except close to the bottom where LJ bottom waters were slightly colder. Maximum temperatures at LJ (e.g. >221C) were never observed at LS. Overall, the mean water temperature was about 11C lower at LS than at LJ (Table 4 ). The temperature time series at LJ and LS showed high variability at high frequencies (Fig. 3) , with larger high-frequency variability (std. dev.) at all depths at LJ than at LS. On the other hand, low-frequency variability (std. dev.) was lower at the near surface waters of LJ than in those of LS (Table 4 ). There were also low-frequency variations in temperature that occurred at both sites. An increase in temperature was observed in early May, while sharp drops occurred on 17 and 18 May and 27 and 28 June (Fig. 4) . In LJ, the energetic high-frequency variability moved from the bottom to the near surface with the drops. This was particularly clear for the June event.
The low-frequency temperature first EOF time series at LJ and LS were well correlated. Moreover, the temperature at LS led the temperature at LJ by 40 h, which is appropriate for poleward propagation (Table 5 ). (The low-frequency individual time series were also well correlated and with lags appropriate for poleward propagation, but for brevity, results are not presented here.) The sea level at LJ was correlated with the temperature EOF at LS, but not with the one at LJ. Thus, sea level at LJ correlated significantly with the distant temperature at LS, but not with the local one at LJ. The two low-frequency drops in temperature coincided with upwelling-favorable winds (Fig. 4) . The LJ winds correlated with the temperature EOFs at LJ and LS, with a lower correlation for LJ than for LS. The wind at LJ led the temperature EOFs at LJ and LS, with a larger lag at LJ than at LS. Finally, the LJ winds were not correlated with the LJ sea level (Table 5) .
Surface to bottom water temperature differences were smaller at LS than at LJ. The N 2 values were generally larger at LJ than at LS (Fig. 5) . Maximum stratification often occurred at 8 mab, but during the late June temperature drop maximum values moved shallower to 11.5 mab. This displacement towards the surface of the maximum buoyancy frequency is less obvious at LS. At LJ, maximum buoyancy frequency remained high after the drop in temperature, contrasting with LS where there was an overall decrease in stratification.
Power spectral density plots of temperature (appropriately scaled to reflect potential energy, as pointed above) show that diurnal frequencies at LJ and LS were energetic at all depths ( Fig. 6 ; results shown only for the most contrasting spectra, the 10 and 2 mab depths). Peaks in given spectrum frequencies indicate that a large proportion of the variance in the time series is explained by variance at these frequencies. The semidiurnal frequency at the two sites is very energetic at 2 mab. It is also energetic at LJ at 10 and 13 mab. However, it is relatively weaker at LS at 10 and 13 mab. The higher frequency end of the spectrum tends to be generally more energetic at LJ than at LS, except at the deepest instrument. These differences in energy are consistent with the larger near-surface stratification at LJ as compared to LS. However, larger amplitude internal waves at LJ could also be contributing to the higher energy levels observed there. The vertical structure of high-frequency temperature fluctuations for two representative periods, when the stratification was relatively weak and uniform, but somewhat larger at the bottom and mid-depth (beginning of the record to 5 May) and when the thermocline was close to the surface (29 June to the end of the record, see Fig. 5 ), was investigated using EOFs. An EOF analysis of the four temperature high-frequency time series at each site for each of the two periods yielded a nondimensional time series and a dimensional vector containing the vertical structure of the data, where the values in 1C are a measure of the amplitude (Fig. 7) . During the first period when the stratification was weak and almost uniform, the largest amplitudes occurred close to the bottom at both LS and LJ; the amplitudes at LJ were about double those of LS. During the cooling events, the maximum amplitudes at LS increased slightly and migrated from the bottom to mid-depths. At LJ, the maximum amplitudes migrated closer to the Only dates with identical sampling intervals were used. Balanus statistics for the second period were impossible to calculate, as all data equals zero.
surface and peaked at 10 mab. Maximum amplitudes at LJ were more than double those of LS, which is consistent with the greater stratification near the surface at LJ (see Fig. 5 ). LJ amplitudes were remarkably larger during the cooling event than during periods when the stratification was almost uniform. Clearly, the stratification at LJ can support greater amplitude, high-frequency (tidal and higher) temperature fluctuations than that at LS. Moreover, these fluctuations were considerably larger when the thermocline rose due to low-frequency cooling events. We used a non-parametric Spearman test, to determine whether changes in Chthamalus settlement, the most abundant settler, were correlated with changes in stratification. No analysis was completed for Pollicipes and Balanus because of their low settlement. Change in mean settlement and change in mean stratification in 1996 were calculated as the difference between consecutive settlement dates for each time series. Differencing is a type of filter useful in geophysical time series that removes trends which may result in spurious correlations (e.g. Chatfield, 1989) . Mean stratification values were obtained by averaging data from 4, 8, and 11.5 mab. There was evidence that change in settlement at LJ correlated with change in the V. ais. al. a frequency (r s ¼ 0:49; po0:05; Fig. 8 ). No statistical evidence of correlation was found for Chthamalus settlement at LS.
Discussion
Our observations indicate that the low-frequency, wind-driven uprising of the thermocline modulated the internal tidal bores, that this effect varied depending on the local stratification, and that local upwelling and coastally trapped waves may be related to this low-frequency forcing. The site with highest stratification had highest settlement, and temporal changes in stratification at LJ correlated with temporal changes in settlement. These results are consistent with the hypothesis that internal motions transport planktonic larvae onshore.
4.1. Alongshore and temporal variability in temperature and stratification 4.1.1. Alongshore lags and drops in temperature: local upwelling and remote propagation Low-frequency temperature fluctuations at LS and LJ are well correlated (Table 5) , with fluctuations at LS leading those at LJ. Winant (1983) found that temperature remained coherent over scales of about 50 km in Southern California. However, he found no evidence of propagation, since his maximum correlations occurred at zero lag. Similarly, Barton (1985) found coastal temperatures along northern Baja California to be well correlated over alongshore scales up to 350 km, but, except for one case, with no evidence of propagation. In the correlation between Rosarito and Ensenada, which overlaps part of our study area, Barton did find the largest correlation at a lag of about 1 d. In his article he did not state which record leads but he has confirmed us that the southern station lead the one to the north (Barton, pers. comm.) . In contrast, the relatively large correlations and corresponding lags found here do support the idea of alongshore propagation at speeds ranging from 0.4 to 1.5 m s À1 (based on the lags of the individual temperature time Alongshore wind is 1011 anticlockwise from E. The first EOFs of temperature at LJ and LS explain 85% and 95% of the total low-frequency variance. Lag of maximum correlation (in h) and an estimate of the effective degrees of freedom, respectively, are given in parenthesis. Positive lags means that the series in the row leads the series in the column. ns=non significant, *=po0:05; **=po0:01: series at each depth), typical of coastally trapped waves (e.g. Chapman, 1987) . The discrepancy with the Winant and Barton studies could be due to different environmental conditions. In any case, it is impossible to establish unambiguously propagation solely from the correlation of temperature records at two locations. Nevertheless, other available evidence also suggests poleward propagation, as discussed below.
Correlations of LJ sea level with temperature at LJ were slightly lower (and non-significant) and at a greater lag than those at LS (see Table 5 ). The greater lags of sea level with temperature at LJ may reflect that the initial sea level response is locally faster than that of temperature (e.g. Huyer et al., 1979) and in consequence the sea-level signal would start to propagate earlier than that of temperature. If part of the response at LJ is propagating from the south, then the sea-level signal would arrive at LJ before the temperature signal, which is responding with a larger time lag than the sea level. This would explain the smaller lags of LJ sea level with temperature at LS. Furthermore, lags of wind at LJ with temperature at LS are also smaller than lags with the local temperature at LJ (see Table 5 ), supporting the idea that part of the signal is wind forced and propagating from the south. Fig. 4 supports the idea that the two major drops in temperature at LJ and LS are due to coastal upwelling. But this does not necessarily contradict the idea of propagation from the south. Wind has been found to be fairly coherent between San Diego and Ensenada (Barton, 1985) and within Southern California over distances of at least 80 km (Lentz and Winant, 1986) . Amplitudes of the offshore Ekman transport, the forcing agent of coastal upwelling, appear to grow towards the south, to a maximum at about 291N (Bakun and Nelson, 1976) . Lentz and Winant (1986) also found that geostrophic winds along Baja California were correlated with alongshore adjusted sealevel gradients in Southern California. Therefore, the cooling events seen at LJ could be a combination of local upwelling and upwelling propagating from the south due to the same wind forcing, perhaps with a larger amplitude.
Hypothesis that near-surface internal tidal bores result from the shallowing of the thermocline
We propose that low-frequency wind-driven events modulate the nearshore internal tidal bores. Low-frequency wind-driven events would produce shallowing of the thermocline. This shallowing would allow the surface manifestation of the internal tide in the nearshore, and also the nearshore internal tidal bores and gravity currents. Before the occurrence of the major low-frequency cooling that coincides with upwelling-favorable winds (see Fig. 4 ), the internal wave activity is concentrated mainly near the bottom. But when these cooling events reach the surface (i.e., a raising of the thermocline), there is an increase in internal wave activity at mid-depths and near the surface (Figs. 3 and 7) . Surface internal bores occur in response to the raising of the thermocline, and they can be detected in Fig. 3 by sharp diurnal or semidiurnal changes in shallow water temperature. In fact, each one of the low-frequency cooling events at LJ resulted in groups of internal tidal bores, and the bores described in Pineda (1999) coincided with the second cooling event. These results also explain the negative correlation between surface temperature and daily barnacle settlement reported by Pineda (1991) . However, the relationship between temperature and settlement must be more complex than a simple negative relationship, because physical transport can occur in the absence of larvae to be transported (see below, at the end of ''Settlement and water column stratification''). In the cooling events shown in Fig. 4 , the stratification in the thermocline remained high at LJ. However, it did not remain high at LS, where internal wave activity was much reduced. This suggests that further cooling and outcropping of the isotherms reduced the overall stratification, eventually inhibiting the propagation of internal tidal bores to the shallower waters. Upwelling, or some other mechanism that raises the thermocline, may allow onshore transport of material to reach the coast during part of the event. However, once the nearshore waters are sufficiently homogenized, the onshore transport may be inhibited. This idea is supported by differences in stratification and larval settlement at LJ and LS, as discussed below. Our explanation that local or remotely forced wind-driven events appear to modulate the expression of internal tidal bores differs from that of Pineda (1991 Pineda ( , 1995 , who argued that the modulation was associated with some tidal forcing varying at fortnightly and monthly periods, although the exact mechanism was unspecified. Still, these hypotheses are not mutually exclusive since internal tidal bores could be modulated by both, lowfrequency variations in stratification (wind driven and propagating from the south) and, for example, by the spring-neap cycle in the amplitude of the tides. This latter mechanism is presumably responsible for variations of the amplitude of the tidal internal waves at the generation region.
Differences in settlement among taxa
Overall, Chthamalus settlement was higher than that of Pollicipes and Balanus. Chthamalus is by far the most abundant barnacle in the region (Ricketts and Calvin, 1968; Morris et al., 1980) . A previous study at LJ found more and less variable settlement for Chthamalus than for Pollicipes, although occasional massive Pollicipes settlements were higher than maximum settlement values for Chthamalus (Pineda, 1994b) . Chthamalus settlement was high during all observation periods. Balanus glandula settlement peaked in the spring, with low settlement in the summer. Balanus glandula is near to its southern geographic limit in the sampling localities (Morris et al., 1980) . More settlement for Chthamalus than for the other taxa is consistent with the idea that overall larval abundance and settlement were correlated with adult abundance.
Settlement and water column stratification
Assume that internal motions transport planktonic larvae onshore. If energetic internal waves and bores depend on strong stratification, then weaker stratification would reduce the energy of the internal motions, causing a decrease in onshore larval transport. It then follows that alongshore differences in stratification should produce regional variability in onshore larval transport and settlement, with more settlement at sites where stratification is well developed and less at sites associated with weaker stratification (Pineda, 1996) . Our results are consistent with the hypothesis that regional differences in settlement and larval transport are related to alongshore variability in stratification and internal motions. However, other factors could also be responsible for the alongshore differences in settlement, and our results are only suggestive (see below).
Stratification was 72% higher on average at LJ than at LS. If wave amplitude (vertical displacement of isopycnals) was similar at both sites, then higher stratification implies that water column at LJ is capable of sustaining more energetic highfrequency motions than the water column at LS. This capability was realized. The power spectra show that internal motions of higher frequency than semidiurnal were more energetic at LJ than at LS at all depths but the bottom. Actually, we can estimate the potential energy of the high-frequency motions by integrating the spectra in Fig. 6 (and corresponding ones at depths not shown). To estimate kinetic energy, the potential energy at each frequency is multiplied by a factor that depends on frequency, Coriolis parameter, and N 2 (Gill, 1982, p. 267 ) and the results integrated over a range of frequencies. For frequencies >2 cpd, this exercise gave a ratio of kinetic energy at LJ to kinetic energy at LS of 0.8, 1.7, 3.3, and 2.3 for depths of 2, 6, 10, and 13 m above the bottom, respectively. The corresponding ratios for potential energy were only slightly lower than the ones for kinetic energy. The high-frequency band would include the internal motions that transport the larvae.
Temporal changes in Chthamalus settlement at LJ were correlated with changes in stratification, although the correlation was weak and no correlation was found at LS. This further supports the hypothesis that internal motions cause onshore larval transport at LJ and settlement and agrees with the previous result that peaks in settlement correlate with drops in surface water temperature (Pineda, 1991) which in turn correlate with increased near surface stratification (this contribution). This correlation, however, should be viewed with caution. First, the relationship between changes in stratification and changes in settlement appears more complicated than a simple monotonic relationship, which is what the correlation analysis tests, and it may not hold under certain conditions. For example, the major and most extended peak in LJ Chthamalus settlement in 1996, which started between 17 and 21 May (Fig. 2) , did not correspond to an overall increase in stratification. It started with a drop in near surface water temperature in 17 May (see Fig. 4 ) that generated a group of internal tidal bores (from 17 to 24 May, note the sharp variability in shallow water temperature in the LJ 13 mab logger, Fig. 3) . In that event, stratification decreased at the bottom while it increased at middepths and at the surface. It is also obvious that a patchy larval pool could upset temporal correlation between a physical variable and settlement; no correlation would be found even in cases where physical transport actually occurs when there are no larvae in the larval pool. Temporal variations in the internal wave amplitude (by the spring-neap tidal cycle, for example) could also be degrading the correlation between settlement and stratification.
4.4. Other explanations for differences in settlement at LJ and LS Settlement rate is dependent on larval supply and the amount of suitable substrate for settlement. Although other factors such as gregarious behavior also affect settlement, larval supply and amount of suitable substrate for settlement appear to be the most important for regional and temporal comparisons within a species. Evaluating the relative importance of suitable substrate on settlement rates in field conditions appears to be a formidable task, because this requires a detailed knowledge of larval flux, small-scale hydrodynamics, and larval behavior (discussed in Pineda and Caswell, 1997) ; to our knowledge, no published study has evaluated the relative importance of supply and amount of suitable substrate in field conditions. We did not evaluate the effects of amount of suitable substrate on settlement rates. Our sampling covered periods where suitable substrate at LJ was both abundant and scarce, when the intertidal zone was inundated by sand, mostly in summer (e.g. Taylor and Littler, 1982) . Inundation by sand reduces the amount of suitable substrate for settlement (Pineda, 1994b) . On the other hand, amount of suitable substrate always appeared abundant at LS, a site which is apparently not inundated by sand (J. Pineda pers. obs.). If the amount of suitable substrate would largely determine the differences in settlement rates at LJ and LS, one would expect small or no differences when suitable substrate is abundant. Yet, settlement was larger at LJ than at LS in 58 out of 60 dates. In particular, Chthamalus settlement was much larger at LJ than at LS in sampling periods 1 and 3 (21 February-19 May; Table 1 ), corresponding to seasons where amount of suitable substrate would be expected to be abundant at both LJ and LS, a period where one would expect no differences in settlement rates due to differences in suitable substrate. Settlement and recruitment estimations can also be influenced by settlement measuring interval (Michener and Kenny, 1991) . In this study, settlement interval was kept short and constant, and did not differ among sites, thereby reducing its potential to affect our comparisons.
Because larval abundance close to the settlement sites depends on physical transport and the larval pool, full understanding can only be reached by observing both physical transport and the larval pool. We did not quantify the larval pool, and therefore we cannot determine the relative importance of internal motions, but only suggest its role. Our results that in LS differences in settlement did not correlate with differences in stratification suggest that internal motions may be unimportant in that area. This result could also be explained, however, by a less abundant and patchy larval pool or temporal variation in internal wave amplitude, as pointed above.
Alternative hypotheses
Our results are inconsistent with hypotheses that argue that low settlement is the result of the offshore drift of larvae due to offshore Ekman transport, and that pulses in settlement result from the relaxation of Ekman upwelling (Ebert, 1983; Roughgarden et al., 1988; Farrell et al., 1991) . Colder water is often associated with wind-driven upwelling, and colder water at LS could be used to argue that low settlement at LS was caused by wind driven Ekman upwelling. However, most settlement at LS occurred during cooling events (Figs. 2 and 4) . Settlement at LJ also coincided with cooler water, possibly due to Ekman upwelling, the opposite prediction of the Ekman upwelling hypothesis (Le F" evre and Bourget, 1992) . In summary, there was not a significant positive correlation between near-surface water temperature and settlement for LS or for LJ. On the contrary, in the case of LS, the correlations were negative and statistically significant. The fact that wind driven Ekman upwelling may modulate internal motions in unaccounted ways, as suggested by our results that the shallowing of the thermocline appears to induce the bores, complicates the task of identifying mechanisms of larval transport. Furthermore, internal motions occur also during periods of Ekman upwelling relaxation (e.g. Rosenfeld, 1990) .
Conclusions
Our results support the predictions of the internal tidal bore hypothesis, which argues that stratification modulates onshore larval transport and settlement. However, the relationship between changes in settlement rate and changes in stratification does not appear to be linear. The magnitude and vertical structure of the stratification during ordinary and low-frequency cooling events was dependent on the site's local regime. Internal tidal bores were modulated by the low-frequency variations in stratification, possibly related to upwelling and coastally trapped waves, and at LJ, the energy of the high-frequency internal waves increased during these events. Our results do not represent a rigorous test of the hypothesis linking stratification and settlement because of the limited number of sites, and because we did not quantify the larval pool. Moreover, energy of internal motions depends of amplitude, as well as on stratification. Our study does not appear to support hypotheses about the role of wind-driven upwelling on larval transport and recruitment, including little onshore larval transport and recruitment due to offshore larval drift during Ekman upwelling and onshore transport and increased settlement during relaxation. On the contrary, local and remote winddriven upwelling appears to enhance onshore larval transport at LJ, because it allows the surface, nearshore expression of the internal bores. In this system local factors that control stratification appear to influence larval settlement.
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